Stress-induced heat shock protein 70 (Hsp70) effectively protects cells against apoptosis, although the anti-apoptotic mechanism is still undefined. Exposure of human melanocytes to heat and subsequent UVB irradiation increased the level of Hsp70 and pre-heating reduced UVB induced apoptosis. Immunofluorescence staining of Hsp70 in combination with staining of lysosomes (Lamp2) or mitochondria (Mitotracker Ò ) in pre-heated UVB exposed cells showed co-localization of Hsp70 with both lysosomes and mitochondria in the surviving cell population. Furthermore, UVB induced apoptosis was accompanied by lysosomal and mitochondrial membrane permeabilization, detected as release of cathepsin D and cytochrome c, respectively, which were prevented by heat pre-treatment. In purified fractions of lysosomes and mitochondria, recombinant Hsp70 attached to both lysosomal and mitochondrial membranes. Moreover, in apoptotic cells Bax was translocated from a diffuse cytosolic location into punctate mitochondrial-like structures, which was inhibited by Hsp70 induction. Such inhibition of Bax translocation was abolished by transfection with Hsp70 siRNA. Furthermore, Hsp70 siRNA eliminated the apoptosis preventive effect observed after pre-heating. These findings show Hsp70 to rescue melanocytes from UVB induced apoptosis by preventing release of cathepsins from lysosomes, Bax translocation and cytochrome c release from mitochondria.
Introduction
Apoptosis, or programmed cell death, is important for maintenance of tissue homeostasis in multicellular organisms. Dysregulation of apoptosis is associated with pathological conditions, such as cancer, autoimmune disorders and several neurodegenerative diseases (1) . The apoptotic process is regulated by several different intracellular and extracellular events. Mitochondria play a crucial role by releasing apoptogenic factors, such as cytochrome c and apoptosis-inducing factor (AIF), from the intermembrane space into the cytosol (2) . Cytochrome c, in complex with the cytosolic factor, Apaf-1, activates caspase 9, which in turn leads to caspase 3 activation. The mitochondrial pathway is mainly controlled and regulated by Bcl-2 family proteins, which includes both pro-(e.g. Bax, Bid, Bak) and anti-(e.g. Bcl-2, Bcl-X L ) apoptotic protein members (3) . Following apoptotic stimuli, Bax is activated and translocates from the cytosol to the mitochondria (4), a process often assisted by the BH3-domain-only proteins Bid and Bim (5) . Within the membrane, oligomerized Bax facilitates mitochondrial membrane permeabilization (6) . This process is counteracted by anti-apoptotic proteins, such as Bcl-2 and Bcl-X L , which prevent cytochrome c release (3, 5) . Besides caspases, several other proteases have been suggested to participate in the apoptosis process. Lysosomal membrane permeabilization and release of cathepsins to the cytosol has been demonstrated to be an apoptosis-initiating event, crucial for both the extrinsic (7) and intrinsic pathways of apoptosis (8) (9) (10) (11) .
The heat shock protein (Hsp) family is a conserved set of molecular chaperones, involved in folding and transport of newly synthesized proteins (12) . Moreover, these proteins function during refolding of misfolded proteins, and assist in degradation of irreversibly damaged proteins. In addition to their chaperoning activities, the Hsps have been shown to play a direct role in the regulation of apoptosis. The Hsp family consists of both constitutively expressed members and of proteins that are induced in response to environmental, chemical and physical stress stimuli. The major stress-induced member of the Hsp family, Hsp70 (also called Hsp72), has been reported to effectively rescue various cell types from apoptosis when exposed to heat shock, tumor necrosis factor-a (TNF-a), oxidative stress, irradiation or anti-cancer drugs (12) . On the other hand, adenoviral overexpression of Hsp70 in Mc0009 P12 melanocytes did not protect against 4-tertiary butyl phenol induced apoptosis (13) .
The most severe malignant tumor of the skin is malignant melanoma, arising from the pigment producing epidermal melanocytes. So far the only identified external risk factor for this disease is ultraviolet (UV) irradiation (14) . The skin is daily exposed to UV irradiation, generating damage to biomolecules such as DNA, which later might lead to malignant transformation. Elimination of photodamaged cells by apoptosis is crucial to prevent tumor progression. In order to understand the underlying mechanism of melanoma development, outlining of the regulation of apoptosis and cell survival after UV irradiation is of importance. Previously, we have reported that UV irradiation activates the mitochondrial pathway of apoptosis in primary cultures of human epidermal melanocytes (8) . We found translocation of Bax to mitochondrial-like structures in apoptotic cells, whereas the surviving population showed translocation of Bcl-2 to mitochondrial-like structures. In this study, we continue our investigation of the mechanism regulating melanocyte death and survival upon UV irradiation by elucidating the role of Hsp70.
Materials and Methods

Cell culture
All experiments were performed according to the ethical principles of the Helsinki declaration and approved by the Ethical Committee at Linköping University, Linköping, Sweden. Melanocytes were obtained from Caucasian donors (0-2 years of age) by means of foreskin circumcisions and cell cultures were established as described previously (15) . The melanocytes were cultured in medium 199 (Invitrogen, Paisley, Scotland, UK) with 2% fetal bovine serum (FBS) according to Gilchrest et al. (16) and incubated at 37 C in a humidified atmosphere of 5% CO 2 in air. Prior to experiments, cells were seeded at 2.5 · 10 4 cells/cm 2 . The experiments were conducted between passage 2-5 and no cells were cultured for >3 weeks in total. Altogether, the experiments included primary cultures of melanocytes from 16 individuals. In all experiments untreated controls from the same individual were analyzed in parallel at the selected time points.
Heat and UVB exposure The cells were divided into four experimental groups. The first group was exposed to heat. Culture medium, pre-warmed to 42. 5 C, was added and the culture dishes were placed in an isolated box to keep the temperature stable during the incubation period of 1 h at 42.5 C. The temperature was controlled by a Testo 100 thermometer (Nordtec Instrument, Gothenburg, Sweden). The second group of cells was exposed to UVB irradiation (280-320 nm) as described below. The third group was first exposed to heat followed by a 6 h recovery period at 37 C, and then the cell cultures were exposed to UVB irradiation. The last group, consisting of the control cells was incubated at 37 C. The UVB source was two Philips TL20W/12 tubes (Philips, Eindhoven, The Netherlands) emitting in the spectral range 280-370 nm with a main output of 305-320 nm. A Schott WG 305 cut off filter (50% absorption below 305 nm, Mainz, Germany) was used. The output was 1.44 mW/cm 2 , measured with a PUVA Combi Light dosimeter (Leuven, Belgium), using adequate adjustments for UVB. The cells were irradiated in phosphate-buffered saline (PBS) and no increase in temperature of the PBS was noted during irradiation. Directly after irradiation the PBS was replaced by fresh pre-warmed (37 C) medium. The irradiation dose of 500 mJ/cm 2 , corresponding to the irradiation time of 5 min 47 s, was selected to achieve a frequency of apoptosis of 30% with a minimum number of necrotic cells.
Nuclear morphology and caspase activation
After 6 h post-UVB exposure, the cultures were fixed in 4% neutral buffered formaldehyde and mounted in Vectashield Ò Mounting Media supplemented with 4 0 ,6 0 -iamidino-2-phenylindole (DAPI, 5 mg/ml, Vector Laboratories, Burlingame, CA). The nuclei were evaluated in 200 randomly selected cells, using a fluorescence microscope (l ex 350 nm, Nikon, Tokyo, Japan). In the control cells, most nuclei were round in shape and glowed homogenously, while apoptotic cells were identified by either fragmented nuclei or by a condensed chromatin pattern gathered at the periphery of the nuclear membrane.
In order to analyze caspase 3 activity, the cells were collected in lysis buffer (10 mM Tris-HCl, pH 7.5, 130 mM NaCl, 1% Triton X-100, 10 mM sodium pyrophosphate, 10 mM NaH 2 PO 4 /NaHPO 4 ) at 18 h following UV irradiation, and incubated with the substrate Ac-DEVD-AMC according the manufacturer's recommendation (BD Pharmingen, San Diego, CA). The concentration of proteolytically released AMC substrate (7-amino-4-methylcoumarin) was analyzed in a Shimadzu RF-540 spectrofluorometer (l ex 380/l em 435, Shimadzu Kyoto, Japan). Protein concentrations were analyzed by the Bio-Rad D C Protein Assay System (Bio-Rad Laboratories, Hercules, CA) and caspase activity is expressed as arbitrary units/microgram protein/hour.
Immunocytochemistry
Melanocytes were fixed in 4% paraformaldehyde for 20 min at 4 C and processed for immunocytochemistry (17) . After permeabilization with 0.1% saponin, the cultures were incubated overnight at 4 C with one of the monoclonal antibodies anti-Hsp70 (cat no. SPA-810, Stressgen, Victoria, BC, Canada) or anti-Lamp2 (lysosomal associated membrane protein-2; cat no. 9840-01, SouthernBiotech, Birmingham, AL), or the polyclonal antibodies anti-Bax antibody (cat no. 06-499, Upstate Biotechnology, Lake Placid, NY) or anti-Hsp70 (cat no. sc-1060, Santa Cruz Biotechnology, Santa Cruz, CA) followed by incubation with a secondary goat anti-mouse Alexa Fluor Ò 594 (Molecular Probes, Eugene, OR), donkey anti-mouse Alexa Fluor Ò 594 (Molecular Probes), goat anti-rabbit Alexa Fluor 488 Ò (Molecular Probes) or donkey anti-goat Alexa Fluor Ò 546 conjugate (Molecular Probes) for 1 h at room temperature. To study the co-localization, mitochondria were labeled by incubation of cells with 200 nM Mitotracker Ò Red (Molecular Probes) for 30 min at 37 C before fixation. The samples were mounted onto Vectashield Ò Hardset Mounting Media and inspected in a Nikon Eclipse E600W fluorescence confocal microscope. In each culture dish, 200 cells were randomly selected and the localization of the proteins was analyzed. Negative controls, incubated without primary antibody, showed no staining.
Subcellular fractionation experiments
By using ProteoExtract TM Subcellular Proteome Extraction Kit (Calbiochem, Darmstadt, Germany) subcellular fractions of cytosols, membranes and nuclei were collected according to the manufacturer's instructions. To verify the purity of each fraction, the following antibodies were used as markers in the western blot analysis; lactate dehydrogenase (LDH, cat no. 20-LG22, Fitzgerald Industries International, Concord, MA) as a marker enzyme of cytosolic fraction, cytochrome c oxidase subunit IV (COX-IV, cat no. ab14744, Abcam, Cambridge, UK) as a marker of the membrane fraction and c-jun (cat no. sc-45, Santa Cruz Biotechnology) as a marker of the nuclear fraction.
Western blot analysis
Gel electrophoresis and western blotting were performed as described previously (18) . Primary monoclonal Hsp70 (Stressgen), cathepsin D (cat no. IM03, Oncogene, San Diego, CA), cytochrome c (cat no. 556433, BD Pharmingen) and VDAC1 (cat no. ab14734, Abcam) antibodies or polyclonal Lamp2 (cat no. PA1-655, Affinity BioReagents, Golden, CO) and Bid (cat no. 550365, BD Pharmingen) antibodies were used, followed by horseradish peroxidase (HRP)-conjugated sheep anti-mouse or donkey anti-rabbit secondary antibodies (Amersham Biosciences, Buckinghamshire, UK). The bands were visualized using enhanced ECL-Plus Western blotting detection system (Amersham Biosciences). Protein concentrations were determined with Bio-Rad protein assay. The membranes were reprobed with glyceraldehyde-3-phosphate dehydrogenase (GAPDH, cat no. 4699-9555, Biogenesis, Poole, UK) as internal control. Densitometric quantification of the bands was performed with Gel-Pro Analyzer 3.1 (MediaCybernetics, Silver Spring, MD).
Isolation of rat liver mitochondria and lysosomes
Purification of mitochondria from rat liver was performed as described previously (19) . Briefly, after homogenization, the sample was centrifuged at 1000· g for 10 min and the mitochondria were isolated from the supernantant by centrifugation at 48 000· g for 1 h in a sucrose gradient.
Rat liver lysosomes were isolated adopting the method earlier described for purification of mouse liver lysosomes (20) . The integrity of lysosomes was verified by measurement of the lysosomal enzyme b-N-acetylglucosaminidase (NAG) activity (21) in absence or presence of Triton X-100 (1% final concentration). All steps in the purification were carried out on ice and the procedure was only continued if >80% of the lysosomes were found to be intact.
In lysosomal fractions mitochondrial cross-contamination was excluded by analysis of p-iodonitrotetrazolium reductase activity and in mitochondrial fractions NAG activity was used. In addition the purity of the lysosomal fractions was studied by electron microscopy (22) .
Insertion of Hsp70 into lysosomal and mitochondrial membranes 50 mg lysosomes or mitochondria were incubated with 0.75 or 2 mM recombinant Hsp70 (Stressgen) or Hsp70 diluents in 50 ml sucrose/PIPES buffer (250 mM sucrose, 20 mM PIPES, pH 7.2) at 30 C for 1 h. The organelles were washed with sucrose/PIPES buffer and pellets were formed by centrifugation at 18 000· g for 10 min. Proteins attached, but not inserted into the membranes, were solubilized by incubation of the pellet in 0.1 M Na 2 CO 3 in sucrose/PIPES buffer on ice for 20 min, as described previously (23) . Following centrifugation at 100 000· g for 45 min, the previously attached proteins were found in the supernatant. The pellet, containing membrane fraction with inserted proteins, were incubated in sucrose/PIPES buffer supplemented with 2% CHAPS on ice for 1 h. These samples were subsequently sonicated and centrifuged at 100 000· g for 30 min. The two solubilized protein samples were analyzed by immunoblotting of Hsp70. All steps were carried out on ice unless indicated otherwise. Sucrose/PIPES and Tris-HCl buffer served as negative controls for Hsp70. By incubating organelle fractions with GAPDH, cytochrome c, full-length Bid and caspase 8-cleaved Bid, our research group has previously demonstrated that the organelles are not generally adhesive to proteins (22) .
siRNA transfection Human melanocytes were seeded into 12-well plates at 60-70% confluency one day prior to transfection. The cells were transfected with 1 mg Hsp70 siRNA (TTCAAAGTAAATAAACTTTAA, Qiagen, Germantown, MD) and 6 ml RNAiFect Transfection Reagent (Qiagen) according to the manufacturers recommendations. To minimize the risk of off-target effects, control experiments using an additional Hsp70 siRNA (TCCTGTGTTTGCAAT-GTTGAA, Qiagen) were performed. After 8 h, the siRNA transfection medium was replaced with fresh medium. Optimal transfection conditions for the melanocytes were determined by titration, using Alexa Fluor Ò 555 labeled non-silencing siRNA, with a scrambled sequence with no homology to mammalian genes (AATTCTCCGAACGTGTCACGT, Qiagen). This siRNA was used in the experiments as negative control and siRNA targeting Lamin A/C (AACTGGACTTCCAGAAGAACA, Qiagen) served as positive control, as recommended by the manufacturer. After siRNA addition, the cells were incubated at standard culture conditions (37 C, 5% CO 2 ) and after 36 h a significant decrease in protein level was observed. Silencing effects of Hsp70 siRNA was determined by western blot analysis.
Cytosolic extraction
mg/ml), which was individually titrated to for each melanocyte donor, permeabilizes the cholesterol-rich plasma membrane, but leaves membranes of intracellular organelles intact. This was determined by activity analysis of lactic acid dehydrogenase (LDH) and NAG as previously described (21, 24) . The proteins in the cytosols were precipitated by trichloric acid (50%), incubated on ice for 10 min, and subsequently pelleted by centrifugation. To perform the western blot analysis, the pellet was resuspended in urea-lysis buffer (6 M urea, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 50 mM Tris, pH 8.0, 5 mM EDTA), sample buffer (5% b-mercaptoethanol in Laemmli sample buffer, Bio-Rad Laboratories) and 1 M NaOH.
Statistics
Statistical evaluation was performed by Kruskal-Wallis test as pre-test, followed by Mann-Whitney U-tests. P-values <0.05 were considered significant.
Results
To study the mechanisms of apoptosis in human epidermal melanocytes, the UVB (280-320 nm) irradiation dose was selected to cause apoptosis in 30% of the cells with a minimum number of necrotic cells, as assessed by nuclear fragmentation and detected by DAPI staining. In total, melanocytes from 16 individuals were studied and UVB irradiation induced apoptosis in 33.8% (median, range 23.7-41.8) of the cells. In order to induce Hsp, cell cultures were incubated at 42.5 C for 1 h followed by a recovery period of 6 h at 37 C. This treatment generated melanocytes significantly more resistant to UVB induced apoptosis (median 19.9% compared with 33.8% in cells UVB exposed only, Figure 1A) . Furthermore, cells pre-exposed to heat showed suppressed caspase 3 activation after UVB irradiation (median 42.5 AU/mg/h compared with 61.1 AU/mg/h in cells UVB exposed only, Figure 1B) . The Hsp70 expression was raised 3-fold after heat treatment and pre-heated UVB exposed cells showed a 6.5-fold increase in Hsp70 expression, when compared with untreated controls ( Figure 1C) . However, UVB exposure only, caused no significant increase of Hsp70. These sets of experiments show induction of heat shock protection and suggest the site of effect to be upstream of caspase 3 activation.
To elucidate if the decreased rate of apoptosis was caused by induction of Hsp70, melanocytes were transfected with short interfering RNA (siRNA) to inhibit Hsp70 expression. As presented in Figure 2A , Hsp70 expression was significantly reduced 36 h after transfection. The siRNA transfected cultures were more sensitive to UVB irradiation (P < 0.05) compared with non-transfected cultures, as judged by inspection of nuclear morphology. As presented in Figure 2B , A C B Fig. 1 . Heat pre-exposure protects human melanocytes from UVB induced apoptosis. Melanocytes were exposed to heat (42. 5 C, 1 h) and/or UVB (500 mJ/cm 2 ) 6 h later. (A) Apoptosis quantified by microscopic inspection of nuclear morphology in DAPI stained cells after 6 h (n ¼ 16, ÃÃÃ P < 0.001). (B) Caspase 3 activity was detected as cleavage of the substrate Ac-DEVD-AMC after 18 h (n ¼ 9, Ã P < 0.05). Data from the same donor is marked with a broken line. (C) Western blot analysis of Hsp70 protein level after 6 h. One representative blot out of six is presented and GAPDH is used as internal control. Densiometric analysis of Hsp70 correlated to GAPDH level is presented as fold increase compared with unexposed control cells ( ÃÃ P < 0.01).
the apoptosis protective effect observed in heat pre-exposed UVB irradiated cells was abolished in melanocytes transfected with Hsp70 siRNA. In all experiments, a negative scrambled control siRNA was run in parallel. In these cultures no decrease in Hsp70 expression was detected and the frequency of apoptosis was unaffected. In cells exposed to heat and UVB, we found fragmented nuclei in 20.3% (median) of the cells compared with 23.1% in cells transfected with a scrambled sequence of siRNA. To verify the results, the siRNA experiments were repeated using an alternative siRNA sequence (see Materials and Methods). The frequency of apoptosis did not differ between this sequence and the one presented in Figure 2 (not shown). Thus, induction of Hsp70 is important for protection against UVB induced apoptosis.
To determine the intracellular localization of Hsp70 after heat and UVB treatments, the melanocytes were fractionated into cytosols, membranes and nuclei and Hsp70 levels were analyzed by western blot. Figure 3A demonstrates a substantial increase in Hsp70 level in all fractions after exposure to heat followed by UVB irradiation. When control melanocytes were immunostained for Hsp70, we observed a diffuse staining pattern in the cytosol as well as in the nucleus ( Figure 3B , representative image). When stress stimuli were introduced, as either UVB exposure alone or heat in combination with UVB, the diffuse cellular staining pattern changed to an organelle restricted punctate pattern ( Figure 3C , representative image). Quantification of cells with such a Hsp70 distribution pattern, showed that preexposure to heat significantly increased UVB induced punctate localization of Hsp70 (median 39.8% compared with 29.5% in cells UVB exposed only, Figure 3D ). Parallel investigations of nuclear morphology were performed and revealed that cells with Hsp70 punctate staining contained a normal nucleus, suggesting these cells to belong to the surviving population.
Next, we determined the intracellular membrane structures to which Hsp70 localize. Melanocytes were double stained for Hsp70 and the lysosomal specific protein Lamp2 or exposed to Mitotracker Ò before Hsp70 immunostaining to ascertain co-localization of Hsp70 with lysosomes and mitochondria, respectively. As presented in Figure 4A and B, Hsp70 co-localized with both organelles. To test in which way Hsp70 interacts with the organelle membranes, recombinant Hsp70 (0.75 or 2 mM) was incubated with mitochondria and lysosomes isolated from rat liver. After incubation, the organelle fractions were treated with Na 2 CO 3 , which solubilizes proteins attached to the membrane, while proteins integrated into the membrane remain associated with the membrane fraction (23) . As presented in Figure 4C and D Hsp70 was targeted to both lysosomes and mitochondria. In lysosomal membranes, the Hsp70 was found attached, while it was attached, as well as, inserted into mitochondrial membranes. Both concentrations of recombinant Hsp70 showed the same results. To prove that Na 2 CO 3 treatment did not release integrated proteins from the organelles in general, immunoblots of VDAC and Lamp2 were performed, showing these proteins to be stationary in the mitochondrial and lysosomal membranes, respectively ( Figure 4C and D) .
We had previously found that UVB induced apoptosis in melanocytes was accompanied by release of apoptogenic substances, such as cathepsins and cytochrome c, from lysosomes and mitochondria, respectively (8) . To study the effect of increased Hsp70 expression on organelle stability, we analyzed the release of the mitochondrial and lysosomal marker proteins cytochrome c and cathepsin D to the cytosol to estimate the degree of membrane permeabilization. Cells exposed to UVB irradiation showed release of both cathepsin D and cytochrome c to the cytosol, while melanocytes exposed to heat prior to UVB irradiation exhibited a prominent reduced release of both proteins ( Figure 5) . These experiments suggest Hsp70 to prevent lysosomal and mitochondrial membrane permeabilization.
Bax is an important pro-apoptotic mediator that needs an activating signal, e.g. by interaction with truncated Bid (tBid), to translocate from cytosol to mitochondria and to facilitate cytochrome c release. Figure 6A demonstrates Bid cleavage following UVB exposure. Heat pre-treatment significantly reduced the UVB induced level of tBid. To further distinguish the intracellular site where Hsp70 exerts its protective effect, the number of cells with translocated Bax was analyzed using immunocytochemistry. The redistribution of the Bax protein, from a cytosolic localization into a punctate organelle restricted pattern ( Figure 6B and C) was reduced in pre-heated UVB exposed cells (median 22.8%) compared with cells UVB exposed only (32.5%, Figure 6D ). When the Hsp70 expression was reduced, using siRNA technique, no significant decrease in Bax translocation was A B C D Fig. 4 . Lysosomes and mitochondria are both targets for Hsp70. Control melanocytes and melanocytes exposed to heat (42.5 C, 1 h) followed by UVB (500 mJ/cm 2 ) 6 h later were immunostained and examined by fluorescence confocal microscopy. (A) Intracellular co-localization of Hsp70 (green) and the lysosomal marker enzyme Lamp2 (red), and (B) Hsp70 (green) and Mitotracker Ò (red) was shown in yellow color in merged images. Fractions of (C) lysosomes and (D) mitochondria were incubated with 2 mM recombinant Hsp70, Sucrose/PIPES (Su/Pi) or Tris-HCl buffer. The organelle fraction was washed and proteins attached to the membrane were released by incubation in 1 M Na 2 CO 3 . Hsp70, VDAC and Lamp2 protein content were analyzed by western blot. One representative blot out of three is presented.
obtained by heat pre-treatment ( Figure 6E ). Upon the initial heat treatment a small population of the cells died. A discrete, but not significant, increase in Bax punctuate staining, which probably depict the same heat sensitive population, was also observed. A negative control of scrambled siRNA did not influence the frequency of cells displaying Bax redistribution after heat and UVB exposure (Bax was translocated in 31.0% of the cells with scrambled siRNA and, 30.1% without). These results suggest Hsp70 to exert its anti-apoptotic effect upstream of Bax activation.
Discussion
We have studied the response of human epidermal melanocytes to heat and investigated the function of Hsp70 following apoptosis induction with UVB irradiation. Hsp70 expression was markedly induced by heat exposure and these cultures were significantly more resistant to UVB induced apoptosis. This apoptosis protective effect was eliminated when Hsp70 was inhibited with siRNA transfection. Thus, Hsp70 has an important rescue effect on UVB irradiated melanocytes.
Accumulating reports demonstrate Hsp70 to have an antiapoptotic function, although the mechanism of action is not fully elucidated (12) . In tumor cells, the protein has been suggested to operate downstream of caspase 3 activation (25) . On the other hand, human melanoma cells, overexpressing Hsp70, were highly resistant to UVB irradiation and Hsp70 inhibited cell death upstream caspase 3 (26) . By experiments in lysates, Hsp70 was suggested to bind to Apaf-1 and inhibit apoptosome formation (27) . However, the majority of the reports conclude that the protective effect of Hsp70 occurs upstream of mitochondrial membrane permeabilization and cytochrome c release (28) (29) (30) (31) . In accordance with these reports, we found reduced release of cytochrome c in melanocytes pre-exposed to heat before UVB irradiation. By immunocytochemistry, we further demonstrated that Bax translocation from cytosol to punctate mitochondrial-like structures was significantly reduced in cultures expressing high levels of Hsp70. This reduction in Bax translocation was not observed when the Hsp70 expression was decreased by siRNA transfection, indicating Hsp70 to operate upstream of Bax activation. In accordance with this finding, Stankiewicz et al. recently showed that Hsp70 inhibits Bax translocation and prevents oligomerization and membrane insertion of the protein in a lymphoblastic T cell line, although no direct interaction between Hsp70 and Bax was found (30) . In contrast, interaction between Bax and Hsp70 was found in mouse macrophagelike RAW 264.7 cells by co-immunoprecipitation (29) . The mechanism for Bax activation and translocation is not fully elucidated (3) . The tBid form is often suggested as a candidate for Bax activation (5, 6) . In melanocytes we found that UVB exposure induces Bid cleavage and heat pretreated cells showed significantly lower level of the truncated C, 1 h) and/or UVB (500 mJ/cm 2 ) 6 h later and the cytosolic fraction was isolated by digitonin extraction after 6 h. Release of cathepsin D and cytochrome c was analyzed by western blot. One representative blot out of three is presented and GAPDH is used as internal control.
Bid form. Recently, we showed that UV irradiation did not cause pro-caspase 8 activation in melanocytes, which exclude caspase 8 as Bid activator (8) . However, several alternative proteases have been shown to cleave Bid, such as cathepsin B, D, L (32, 33) and granzyme B (34) . We have shown cathepsins to be released from the lysosomes to the cytosol during UV induced apoptosis in human melanocytes. By using cathepsin inhibitors, we found that both cystein and aspartic cathepsins are important for Bax translocation and activation of the mitochondrial pathway of apoptosis (8) . The Hsp70-prevented Bax translocation found in this study might, therefore, be an effect of Hsp70 attachment to lysosomal membranes, preventing membrane permeabilization and, consequently, cathepsin release. Such a theory was recently suggested by Nylandsted et al. (35) . By using immunoelectron microscopy, they found Hsp70 to be localized to endosomal/lysosomal membranes in tumor cells and reported Hsp70 to effectively inhibit permeabilization of the lysosomal membrane after treatment with TNF, oxidative stress, g-irradiation and etoposide. In our experimental model, immunocytochemistry showed distribution of Hsp70 to mitochondria and lysosomes in the surviving population of melanocytes and experiments using purified fractions of mitochondria and lysosomes showed that recombinant Hsp70 is able to attach to both these organelles. Membrane insertion assay requires a large amount of organelles, which was unattainable from human epidermal melanocyte preparations. Therefore, guiding experiments was performed on rat liver organelles. This might be a weakness, since there could be differences between species and organs. In these experiments alkali extraction of the mitochondrial membranes did not remove all Hsp70, indicating that Hsp70 also was integrated into the lipid bilayer of the mitochondrial membrane. In the present study we have not specifically addressed possible functional differences between attached and inserted Hsp70. The observed reduced cytochrome c release to the cytosol might be a dual effect of Hsp70. First, Hsp70 stabilizes the lysosomal membrane, preventing cathepsin release and Bax activation, which leads to decreased mitochondrial membrane permeabilization. Second, it targets the mitochondrial membrane, preventing cytochrome c and additional apoptogenic factors to enter the cytosol. By operating at several levels in the regulation of apoptosis, Hsp70 may represent a very effective substance, protecting the cells from undergoing apoptosis.
The sunlight consists of UV irradiation that penetrates the skin, and infrared irradiation, which generates heat. It has been reported that both heat and UV irradiation induced Hsp70 expression in organ-cultures of human skin (36) , indicating a physiological importance of Hsp70 in sun exposed skin. The anti-apoptotic action of Hsp70 may not solely be positive since reduced apoptosis induction may result in survival of melanocytes containing DNA damage, which constitute potential tumor precursors. Overexpression of Hsp70 is common in several types of tumors (37) and elevated levels of the protein increases the tumorigenicity in mice models (38) . Recent studies have suggested Hsp70 as a prognostic marker in cancer, since only tumor cells express the protein on the cell surface (39) . By treatment with an Hsp70 neutralizing peptide, ADD70, Schmitt et al. were able to delay tumor growth and reduce the metastatic potential in mouse melanoma and rat colon carcinoma (40) . Furthermore, ADD70 could enhance tumor sensitivity to the cytotoxic drug cisplatin in these cells in vivo. Thus, drugs targeting Hsp70 might be a potential strategy for cancer therapy in the future.
We conclude that Hsp70 has important cytoprotective qualities in melanocytes by preventing apoptosis signaling upstream lysosomal membrane permeabilization and activation of Bax.
